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Abstract
Obesity has reached epidemic proportions in the United States and is threatening to become a
global epidemic. Even more concerning, the incidence of overweight continues to increase. The
health consequences and economic costs to individuals and to society are considerable. Obesity
is associated with many serious health complications, including coronary heart disease, type 2
diabetes mellitus, hypertension, selected cancers, and musculoskeletal disorders. In the U.S., direct
and indirect medical costs attributable to obesity are estimated to approach $100 billion yearly.
Obesity develops when a chronic imbalance exists between energy intake, in the form of food and
drink, and energy expenditure. To date, the emphasis of treatment has been on the energy intake
side of the energy balance equation. This, in part, is because it has been difficult to demonstrate
the efficacy of exercise as a treatment strategy. This paper attempts to demonstrate the utility of
system dynamics modeling to study and gain insight into the physiology related to weight gain and
loss. A simulation model is presented that integrates nutrition, metabolism, hormonal regulation,
body composition, and physical activity. These processes are typically fragmented between many
different disciplines and conceptual frameworks. This work seeks to bring these ideas together
highlighting the interdependence of the various aspects of the complex human weight regulation
system. The model was used as an experimentation vehicle to investigate the impacts of physical
activity on body weight and composition. The results replicate the ‘‘mix’’ of results reported in
the literature, as well as providing causal explanation for their variability. In one experiment,
weight loss from a moderate level of daily exercise was comparable to the loss from dieting
(when both produced equivalent energy deficits). Perhaps of greater significance, the exercise
intervention protected against the loss of fat-free mass, which occurs when weight loss is achieved
through dieting alone, and thus promoted favorable changes in body composition. In a second
experiment, exercise regimens of moderate to high level of intensity proved counter-productive
as weight-reducing strategies for an obese sedentary subject. This was due to the limited energy
reserves (specifically, muscle glycogen) available to such individuals. However, when the diet
was changed from a balanced composition to one that was highly loaded with carbohydrates, it
became possible to sustain the intense exercise regimen over the experimental period, and achieve
a significant drop in body weight. The results underscore the significant interaction effects between
diet composition and physical activity, and emphasize the critical role that diet composition can
have in exercise-based treatment interventions. Copyright  2002 John Wiley & Sons, Ltd.
Syst. Dyn. Rev. 18, 431–471, (2002)
Introduction and motivation
Obesity represents one of the most prevalent, diet-related medical problems
in the United States. According to the classification scheme established by
the World Health Organization, 54 percent of U.S. adults are overweight, with
a body mass index BMI1 of more than 25 kg/m2 and 22 percent are obese
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BMI ½ 30 kg/m2 (Hill and Peters 1998). Even more concerning, the incidenceAward. In addition to
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of overweight continues to increase. The percentage of Americans who are
obese has increased by more than 50 percent in the past 20 years, and the
number of overweight children has doubled (Yanovski and Yanovski 1999).
The potential health implications of these trends are ominous. A report from
the National Institutes of Health concludes that obesity should be viewed as
a chronic, degenerative disease because there are multiple biologic hazards of
premature illness and death at surprisingly low levels of excess fat representing
as little as 5 to 10 lbs above desirable body weight (McArdle et al. 1996:
607). The most frequently observed co-morbidities associated with obesity
include coronary heart disease, type-2 diabetes mellitus, hypertension, selected
cancers, and musculoskeletal disorders (Thompson et al. 1999). Although the
complications of obesity may not be as dramatic as those of HIV and other
infectious diseases, these complications will affect more people and will
demand more long-term care for those affected than will those of infectious
diseases. Speculation is that, before long, obesity will surpass cigarette smoking
as a cause of death in the United States (McArdle et al. 1996: 607). These trends
are expected to pose a substantial burden on the already fragile health-care
systems in the United States and many other developed countries.
The economic burden of obesity is also substantial. ‘‘Health care expenditures
attributable to obesity were estimated to total $51.6 billion in the United States
in 1995, or almost 6% of total health care spending’’ (Thompson et al. 1999).
An additional considerable cost is that which individuals spend toward weight
loss programs and aids. It has been estimated that the 22 percent of American
men and 37 percent of women who are currently attempting to lose weight
spend approximately $33 billion annually on losing weight (Novotny and
Rumpler 1998), an amount that is enough to buy every item and service
produced in such countries as Chile, Croatia, or Nigeria (Pool 2001: 6).
Of concern is that the great effort invested in losing weight is often wasted on
ineffective, sometimes even harmful, practices that extend beyond the merely
unwise to the Faustian. After years of little change, sales of diet pills and
supplements have more than quadrupled since 1996, invigorated by what
appears to be a broad retreat from weight loss regimens that require sweat and
sacrifice (Winter 2000). The surging demand for a weight loss ‘‘silver bullet’’
has fueled a rapid rise in fraudulent weight-loss schemes, including: slimming
soaps that slough off fat in the shower; miracle pills that get rid of excess
pounds without dieting or exercise; plastic earplugs that curb the appetite; and
even a glittering ring called Fat-Be-Gone that when slipped on a finger trims
hips, buttocks and thighs (Winter 2000).
The prevalence, economic costs, and health implications of obesity is fueling
scientific research in this area. In this paper, I attempt to demonstrate the utility
of system dynamics modeling to study and gain insight into the physiology
related to weight gain and loss. Obesity develops when a chronic, quantitative
imbalance exists between energy intake and energy expenditure. Prevention
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of obesity requires an understanding of this imbalance and modification of
behaviors that predispose to weight gain. Because the problem is quantitative
and dynamic, it is well suited to computer simulation (Hargrove 1998: 220).
A shared mental model
Most obese individuals attempting to lose weight do so themselves without
seeking professional help (Dyer 1994). For example, dieting, the mainstay of
obesity treatment, is most often undertaken as a self-directed process with
instruction from a book or slimming club within the community, or often just
by self-induced restraint. There are at least two reasons for this. First, given
the sheer number of obese individuals who need help, it is clear that there
aren’t enough health professionals available to provide intensive, long-term
treatment (Battle and Brownell 1996).
Second, both the nature of the problem as well as its solution seem on the
surface to be transparent enough. Figure 1 depicts the widely shared mental
model (McArdle et al. 1996: 617; Whitney and Rolfes 1999: 231).
It is well understood that body weight is dependent on the balance between
energy intake, in the form of food and drink, and energy expenditure. When
energy intake and expenditure are in balance, weight remains stable. A net
excess in energy, whether through greater intake or lesser expenditure, leads
to weight gain. The primary form in which excess food energy is stored in the
body is fat in the fat tissue (also referred to as adipose tissue). This is true
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whether the excess food energy comes from fat, carbohydrates, or proteins.
Thus, the amount of fat in adipose tissue is the cumulative sum over time of
the differences between energy intake and energy expenditure.2 Obesity arises
from an excess accumulation of body fat usually over a prolonged period of
time. Once gained, the increased fat remains until there is a period of negative
energy balance (Brooks et al. 2000: 584).
It is also clear that there are three ways to ‘‘unbalance’’ the energy balance
equation in the direction of weight loss:
ž reduce daily caloric intake below the daily energy requirements;
ž increase energy expenditure through increased physical activity; or
ž do both
Furthermore, the simple structure of Figure 1 does imply (and it is widely
believed) that if the energy deficit persists for long enough, body weight would
drop in direct proportion to the size and duration of the energy deficit.
Unfortunately for the dieter, losing weight has proven not to be that
straightforward. Indeed,
. . . one should be warned, if the concept of fat balance is exceedingly simple, in
practice, there are certain complexities. The complexities come about because our
bodies cannot leave energy metabolism to chance; lack of energy means failure to
thrive, and often, failure to survive. Thus it is an oversimplification to say that fat
balance is just a matter of the difference between what is consumed and stored, versus
what is mobilized and oxidized. This is true, but it shall turn out that one must also
consider the body’s ability to regulate the rate at which all energy-yielding nutrients
are oxidized, and to alter the proportions according to a logic that is part of our
ancestral heritage . . . (Hargrove 1998: 219).
Specifically, the simplistic mental model of Figure 1 fails to capture some
important homeostatic mechanisms that are key to understanding the etiology
of obesity and its treatment. In the remainder of this section I will discuss
two deficiencies of the shared mental model that can have a direct bearing on
what treatment choices people make, and their expectations about treatment
outcomes.
The body’s adaptation to energy restriction
Estimates of weight loss in response to food restriction go something like this:
one pound of body fat contains about 3,500 kcal; a negative energy balance of
100 kcal per day would, thus, shed about 10 lbs in the first year and almost
100 lbs over ten years. The assumption is that the body’s energy requirements
remain steady as body size decreases, and that there is a fixed energy cost of
3,500 kcal/lb of lost tissue (Weinsier et al. 1993).
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In reality, the weight loss achieved by food restriction is almost invariably
less than that expected from the apparent caloric deficit (Keesey 1993).
Furthermore, the rate of decline does not remain constant as the above
example suggests. Instead, weight loss tends to decline with time because
decreases in body weight are accompanied by continuous changes in the
body’s composition and in its maintenance energy requirements. Both of these
factors constantly modify the subsequent pattern of weight loss until a new
equilibrium is reached. Ignoring these two factors may sell more diet books
but will inevitably lead to spurious predictions of treatment outcomes, which
should be of concern, because patients’ expectations about treatment outcomes
and the degree to which they are met are likely to affect self-efficacy and relapse
(Foster et al. 1997).
To better understand how the body’s physiology reacts to energy deficits, we
need to examine the components of energy expenditure. The body’s total energy
expenditure can be divided conceptually into three components. The largest
component is the resting energy expenditure (REE), defined as the energy
expended to sustain the basic metabolic functions of an awaken individual at
rest. This is the amount of energy required for the basic maintenance of the
cells, maintaining body temperature, and sustaining the essential physiological
functions (e.g., keeping the lungs inhaling and exhaling air and the heart
beating 100,000 times a day). For the most part, REE is highest in people
with considerable lean body mass (such as growing children, physically active
people, pregnant women, and males) because the body’s fat-free mass (FFM)
has a relatively higher metabolic rate than fat tissue.3 In most sedentary adults,
the REE makes up about 60 to 70 percent of total energy expenditure.
For most American men and women energy expenditure rarely climbs
significantly above the resting level, with walking being the most prevalent
form of physical activity. This level of energy expenditure is equivalent to
between 60 and 100 watts—the same rate of energy output as an ordinary light
bulb (Brown 1999: 67–68). No wonder, U.S. citizens have all too appropriately
been termed homo sedentarius (McArdle et al. 1996: 159).
The second largest component of daily energy expenditure is the energy
expended for muscular work, known as the thermic effect of exercise (TEE).
The TEE of an individual not engaged in heavy labor accounts for 15 to 20
percent of daily energy expenditure, but can increase by a factor of two with
very heavy exercise (Whitney and Rolfes 1999: 240).
The third component of energy expenditure is the thermic effect of food
(TEF). It constitutes the metabolic costs of processing a meal, which include
the costs of digestion, absorption, transport, and storage. The TEF accounts
for approximately 10 percent of the daily energy expenditure, but can vary
depending on the amount and the composition of the diet (Whitney and Rolfes
1999: 239).
With this understanding of how the body expends its energy, we can now
revisit the issue of weight loss in response to food restriction. On one hand,
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of the three components of energy expenditure, a person’s level of physical
activity is under conscious and deliberate control. On the other hand, weight
loss will always be accompanied by an involuntary decline in the other two
components of energy expenditure, namely, the thermic effect of food (TEF)
and the resting energy expenditure (REE).
Since TEF constitutes the metabolic costs of processing a meal, eating less
while on a diet would naturally lower the thermic effect of food. This effect
is depicted as link (1) in Figure 2. The drop however, is not very significant
in absolute terms since TEF accounts for only 10 percent, of the daily energy
expenditure.
On the other hand, the impact of a decrease in body weight on REE is more
substantial. As lean body tissue (the principal metabolically active component
of total body mass) is shed during weight loss, REE falls accordingly. This
is captured by link (2) between ‘‘Body Mass & Energy Stores’’ and REE in
Figure 2. As the body’s REE drops, the size of the energy deficit effectively
shrinks, which in turn slows subsequent losses in body weight. Because resting
energy expenditure accounts for 60–70 percent of total energy expenditure,
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the drop in REE can significantly alter the body’s energy balance and, in turn,
the success of weight reduction efforts (Novotny and Rumpler 1998).
Unfortunately for the dieter, additional homeostatic adaptations occur during
food energy restriction that cause REE to decline by an amount greater than
can be accounted for by the losses in lean body tissue (Dullo and Jacquet
1998). Link (3) in Figure 2 represents the body’s physiological adaptation to
conserve energy during caloric deprivation in order to restrain the rate of tissue
loss. This is achieved chiefly through hormonal mechanisms that operate to
decrease the metabolic activity at the cellular level, in essence enhancing
the tissues’ metabolic efficiency (Shetty 1990). This homeostatic mechanism
provides a buffer against energy imbalance and hence spares both lean and
fat tissue compartments (Dullo and Jacquet, 1998). The survival value of such
an energy-sparing regulatory process that aims to limit tissue depletion during
food scarcity is obvious.
For the dieter, this energy-conserving adaptation causes the diet to become
progressively less effective. As a result, weight loss plateaus at a level
considerably less than predicted from the static energy equation. It also explains
why it is difficult to prevent the frequently observed recidivism of obesity in
obese subjects who lost weight. Formerly-obese persons may require 10–15
percent fewer calories to maintain the newly reached ‘‘normal’’ body weight
than a person who has never been obese and who is therefore not experiencing
a diet-induced depression in REE (Jequier and Tappy 1999; Rosenbaum et al.
1997).
The body’s adaptation to energy expenditure
A second failing of the simplistic model of Figure 1 is that it does not provide
the patient/decision-maker with enough discriminatory power to contrast
treatment options. The model suggests (and it is widely held) that a decline in
body weight is determined solely by the size of the energy deficit, irrespective
of how the energy deficit is induced. In reality, how an energy deficit is created
does matter.
A daily energy deficit of 1,000 kcal can be induced, for example, by
eliminating beer (four cans) and dessert (cheese cake) from a daily diet or
by jogging for seven miles. Statically, both these strategies would create the
same caloric deficit. Over a period of time, however, the patterns of weight
change that will result from these two different strategies will be different.
Two factors cause the divergence. First, the thermic effect of food (TEF)
will be higher in the exercising scenario since more food energy will be
consumed. Second, and of greater significance, the two strategies will have
differing impacts on the composition of weight loss (fat mass versus fat free
mass), which, in turn, will have differing impacts on the body’s resting energy
expenditure (REE). Recent research suggests that when exercise training is
used to create a desired energy deficit, it can protect against the loss in fat-free
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mass usually observed when weight loss is achieved through dietary restriction
(McArdle et al. 1996: 626; Ballor and Poehlman 1994). This favorable impact
on body composition occurs partly because of increases in muscle size through
increased protein synthesis during exercise (McArdle et al. 1996: 442). This
exercise effect is captured by the link (4) in Figure 2.
By conserving and even increasing the fat-free body mass (the principal
metabolically active component of total body mass), exercise may blunt the
drop in resting metabolism that frequently accompanies diet-based weight
loss (McArdle et al. 1996: 625). Thus, using exercise as a focus of treatment
contributes to total energy expenditure both through the cost of the exercise
itself and through its possible effect of reversing or offsetting a diet-induced
depression in metabolic energy.
A system dynamics model of human obesity
Figure 2 only begins to illustrate the interdependencies between weight
regulation and energy intake, metabolism and expenditure. In this section
I will expand upon this high-level view and delineate in more detail the inner
workings of the four inter-related subsystems:
ž Energy Intake (EI);
ž Energy Expenditure (EE);
ž Energy Metabolism;
ž Body Composition.
As we shall see, our very survival is sustained by a multitude of hormonal-
based homeostatic mechanisms that act by negative feedback to maintain the
body’s internal stability in the face of changes in its external or internal
environment. Figure 3 provides an overview of the four subsystems and some
of their interrelationships. The actual model is very detailed and contains more
than 600 causal links and 30 level variables. In the remainder of this section,
I provide a description of each of the four subsystems, and in the following
sections I will conduct computer simulations to investigate the behavior of the
integrated system.
Energy Intake (EI) subsystem
The body derives all the energy, structural materials, and regulating agents that
it needs from the foods we eat. The principal substances from which the body’s
cells extract energy are oxygen together with one or more of the foodstuffs that
react with the oxygen, namely, carbohydrates (CHO), fats, and proteins. When
completely broken down in the body, a gram of carbohydrate yields about
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4 kcal of energy; a gram of protein also yields 4 kcal; and a gram of fat yields
9 kcal (Whitney and Rolfes 1999: 6).4
The digestive system is the body’s ingenious way of breaking down foods
into nutrients ready for absorption into the bloodstream. Essentially all
carbohydrates are converted into glucose by the digestive tract and liver before
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they reach the cells. Similarly, the proteins are converted into amino acids and
the fats into fatty acids. Once a nutrient has entered the bloodstream, it may
be transported to any of the cells in the body. Inside the cell, the foodstuffs
react chemically with the oxygen under the influence of various enzymes that
control the rates of the reactions and then also channel the energy that is
released in the proper direction (Guyton and Hall 1996: 22).
The body uses the nutrients to fuel its metabolic and physical activities, and
rearranges any excess into storage compounds, to be used between meals and
overnight when fresh energy supplies run low. When more energy is consumed
than expended, the result is weight gain. Conversely, if less energy is consumed
than expended, the result is weight loss (Whitney and Rolfes 1999: 8).
Energy Expenditure (EE) subsystem
‘‘The ‘average’ (American) man between the ages of 23 and 50 expends between
2700 and 3000 kcal per day, where his female counterpart expends between
2000 and 2100 kcal’’ (McArdle et al. 1996: 159). A major portion of this
energy (60–70 percent) is expended just to maintain the basic and essential
physiological functions of the body. Energy required just to maintain these
essential processes is the resting energy expenditure (REE) [also referred to as
the resting metabolic rate (RMR)].
As shown in Figure 3, three factors establish the value of REE. Fat mass (FM)
and fat free mass (FFM), the two compartments constituting the body’s total
mass, establish the body’s nominal resting energy expenditure. Because lean
body tissue is the principal metabolically active component of total body mass,
the contribution of the FFM to the REE is much greater per kilogram than that
of body fat. This explains, for example, why men have higher metabolic rates
than women and why metabolic rates decrease with age (Pi-Sunyer 1999).
As body mass (FM C FFM) is shed during weight loss, REE drops, and the
larger the relative loss in FFM, the bigger the impact on REE. The following
empirically derived formulation is used in the model (Westererp et al. 1995),
Nominal REE D 0.024ŁFM C 0.102ŁFFM C 0.85 (MJ/day)5
The third factor affecting REE is the body’s energy balance. As explained
earlier, during caloric deprivation the body adapts physiologically to decrease
the metabolic activity of the tissue mass at the cellular level in order to conserve
energy and restrain the rate of weight loss. In the event of over-consumption and
weight gain, there is, in a converse fashion, an exaggerated increase in daily REE
above that expected from the increase in tissue mass (Keesey 1993; Saltzman
and Roberts 1995). That is, REE adjusted for metabolic mass increases with
positive energy balance and decreases with negative energy balance (Leibel
et al. 1995). These efficiency adjusting mechanisms in REE protect against the
full extent of overeating or undereating and serve to minimize the effects of
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short-term fluctuations in energy balance (which occur in the normal course of
daily life) (Jequier and Tappy 1999).
After REE, the second largest component of daily energy expenditure is
the energy expended for muscular work, referred to as the thermic effect
of exercise (TEE). Several classification systems have been proposed for
rating sustained physical activity in terms of its energy requirements. A
common metric, and the one used in the model, is the physical activity
ratio, or PAR, which classifies work tasks by the ratio of energy required
for the particular task to the REE (McArdle et al. 1996: 158). As a frame of
reference, most industrial jobs and household tasks require less than three
times the resting energy expenditure. Some example ratings are: 1.3–1.6
for office work, 1.4 for standing, 3.2 for walking at normal pace, 4.4 for
shoveling mud, and 4.4–6.6 for cycling or playing tennis (Jungermann and
Barth 1996).
The third component of energy expenditure is the amount of energy the
body uses to process food. When a person eats, the gastrointestinal tract
muscles speed up their rhythmic contractions, and the cells that manufacture
and secrete digestive juices begin their tasks. This acceleration of activity
produces heat and is known as the thermic effect of food (TEF). It constitutes
the metabolic costs of processing a meal and accounts for approximately
10 percent of the daily energy expenditure, but can vary depending on
the amount and the composition of the diet (Whitney and Rolfes 1999:
238).
Energy metabolism subsystem
In the human body, the chemical energy trapped within the bonds of food
nutrients is initially stored in its chemical form within the body’s tissues
ready to be transformed into mechanical energy (and, ultimately, heat) by the
action of the musculoskeletal system or to be used to build body structures.
In essence, living cells are energy transducers with the capacity to extract and
utilize the potential energy stored in the chemical bonds of carbohydrates, fats,
and proteins (McArdle et al. 1996: 90). Metabolism is defined as the sum total
of all the chemical reactions that go on in living cells by which nutrients are
broken down to yield energy or rearranged into body structures.
The cells of the body require an uninterrupted supply of metabolic fuel
whether they are at rest or carrying out their unique specialized functions.
To accomplish this, the body relies on an elaborate system of hormonal
mechanisms to maintain the right amounts of blood nutrients to meet the
varied demands of specialized body tissues. The system also provides the
capacity to store energy-rich substrates in times of plenty and to draw on
these stores in times of want, thus liberating us from the necessity of constant
feedings (Johnson 1998: 584).
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Figure 4 depicts the structure for glucose metabolism. The units, typical
initial values and half-lives of the stock variables are summarized in Table 1.
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Table 1. Stock
variables in Figures 4
and 5
Variable name Units Typical initial values Typical half-life
Absorbed CHO grams 50 grams 1–2 hours
Plasma Glucose grams 5 grams Half hour
Glycogen in Liver grams 100 grams 8 hours
Glycogen in Muscle grams 1–3% of Muscle MassŁ days
Fat Mass kg 15–25% of Initial Weight days
Fat Free Mass kg 75–85% of Initial Weight days
Fat Cells dimensionless 50 billion days to 1
Ł Would be adjusted for Physical Fitness Level. Muscle Mass as a percentage of Fat Free Mass is
around 50% for males, and 40% for females.
The metabolic processes for amino acids and free fatty acids (FFA) have
similar structures.
GLUCOSE AND FFA METABOLISM In a normal individual, the average blood glucose
concentration is maintained within the narrow range of 70 to 100 mg/dl
(Johnson 1998: 578). It is important to maintain the blood glucose concentration
at a sufficiently high level because glucose is the only nutrient that can normally
be used by the cells of the brain. Even though the mass of the brain is only 2
percent of the total body, under resting conditions the metabolism of the brain
accounts for about 15 percent of the total metabolism in the body (Guyton and
Hall 1996: 789). At the same time, it is also important that the blood’s glucose
concentration does not rise too high because glucose exerts a large amount of
osmotic pressure in the extra-cellular fluid and, if glucose concentration rises
to excessive values, this can cause considerable cellular dehydration (Guyton
and Hall 1996: 979). Because maintaining glucose balance is critical, the body
uses glucose frugally when the diet provides only small amounts (relying more
on fat as a source of energy) and freely when stores are abundant (displacing
fat in the fuel mix) (Whitney and Rolfes 1999: 215–216).
This homeostatic regulation is achieved primarily by two hormones, namely,
insulin, which moves glucose from the blood into the cells for use as an energy
source, and glucagon, which brings glucose out of storage (primarily in the liver)
when necessary. The principal mechanism by which insulin controls glucose
use in the body is by facilitating the diffusion of glucose across cell membranes.
After a meal, as blood glucose rises, special cells of the pancreas respond by
secreting insulin into the blood. In the presence of insulin, glucose combines
with glucose carriers/receptors located on the cells’ plasma membranes. The
receptors respond by ushering glucose from the blood into the cells. In the
absence of insulin, the amounts of glucose that can diffuse to the insides of
most cells of the body, with the exception of the liver and brain cells, are far
too little to supply anywhere near the amount of glucose normally required for
energy metabolism. In effect, then, the rate of carbohydrate utilization by most
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cells is controlled by the rate of insulin secretion from the pancreas (Guyton
and Hall 1996: 857).
Most of the cells take only the glucose they can use for energy right away,
but the liver and muscle cells can assemble the small glucose units into long,
branching chains of glycogen for storage, a process called glycogenesis. After the
liver and muscle cells have stored as much glycogen as they can—an amount
sufficient to supply the energy needs of the body for only 12 to 24 hours—the
additional glucose is converted by the liver into fat and is stored in the fat
cells. Thus high blood glucose returns to normal as excess glucose is stored as
glycogen (which can be converted back to glucose) and fat (which cannot be)
(Guyton and Hall 1996: 863).
Fat synthesis from carbohydrates (referred to as de novo lipogenesis) is
especially important for two reasons. First, as mentioned above, the ability of
the liver and muscle to store carbohydrates in the form of glycogen is generally
slight; a maximum of only a few hundred grams of glycogen can be stored in
the liver and the skeletal muscles (Johnson 1998: 584). Therefore, fat synthesis
provides a means by which excess ingested carbohydrates can be stored for
later use. Second, each gram of fat contains almost two and one-half times as
many calories of energy as each gram of glycogen. Therefore, for a given weight
gain, a person can store several times as much energy in the form of fat as
in the form of carbohydrate, which is exceedingly important when an animal
must be highly motile to survive (Guyton and Hall 1996: 870). The cost the
body pays is that some energy is lost in the transformation. On average, storing
excess energy from dietary carbohydrate in body fat requires an expenditure
of 25 percent of ingested energy. By comparison, storing excess energy from
dietary fat in body fat stores uses only 5 percent of the ingested energy intake
because the pathway from dietary fat to body fat requires fewer metabolic steps
(Whitney and Rolfes 1999: 215).
When carbohydrates are available in short supply, all the fat-sparing effects of
carbohydrates are lost and actually reversed. This is achieved through several
hormonal changes that take place to promote rapid fatty acid mobilization from
adipose tissue and its utilization for energy in place of the absent carbohydrates.
Among the most important of these is a marked decrease in pancreatic secretion
of insulin caused by the absence of carbohydrates. In the absence of insulin, the
enzyme hormone-sensitive lipase in the fat cells becomes strongly activated.
This causes hydrolysis of the stored triglycerides, releasing large quantities of
fatty acids and glycerol into the circulating blood. Consequently, the plasma
concentration of free fatty acids begins to rise within minutes. Free fatty acids
then become the main energy substrate used by essentially all tissues of the
body besides the brain (Guyton and Hall 1996: 975).
When the hormonal system senses a drop in the blood glucose concentration
level (as may occur between meals), the alpha cells of the pancreas respond
by secreting the hormone glucagon into the blood. Glucagon raises blood
glucose by signaling the liver to dismantle its glycogen stores and release
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glucose into the blood, a process called glycogenolysis (Whitney and Rolfes
1999: 104). If a person does not eat carbohydrates to replenish the liver’s
limited glycogen stores, they will be quickly depleted. If this happens (e.g.
due to dietary restriction or prolonged exercise) body proteins are dismantled
to make glucose to fuel the brain’s special cells. The conversion of protein to
glucose, a process called gluconeogenesis, is the body’s metabolic pathway to
augment glucose availability and maintain plasma glucose levels in the face
of depleted glycogen stores (Whitney and Rolfes 1999: 103). The price paid,
however, is a temporary reduction in the body’s protein stores, particularly
muscle protein. In extreme conditions, this causes a significant reduction in
the lean tissue mass and an accompanying solute load on the kidneys, which
must increase their workload to excrete the nitrogen-containing byproducts of
protein breakdown (McArdle et al. 1996: 11).
PROTEIN/AMINO ACID METABOLISM Unlike glucose and FFA, whose primary task is
to fuel biologic work, the primary task of amino acids is to provide the major
building blocks for the synthesis of body tissue (McArdle et al. 1996: 27). The
importance of dietary protein to sustaining life was demonstrated in the early
1800s by the nutritional experiments of Franc¸ois Magendie, who found that
adult dogs fed on diets containing only flour (carbohydrate) or oil (fat) died,
whereas dogs lived indefinitely on diets of eggs or cheese; that is on diets
containing protein (Stipanuk 2000: 212).
Twenty to thirty grams of the body’s proteins are degraded daily and used
to produce other body chemicals, a process referred to as the daily obligatory
loss of proteins. Therefore, all cells must continue to form new proteins to take
the place of those that are being destroyed. To prevent a net loss of protein
from the body, a daily supply of protein is needed in the diet (Guyton and Hall
1996: 889). Once the cells replenish their protein stores, any additional amino
acids in the blood are used for energy (displacing fat in the fuel mix) or stored
as fat (Guyton and Hall 1996: 880).
Even though amino acids are needed to do the work that only they can
perform—build vital proteins—they will be sacrificed to provide energy
and glucose if need be. When this occurs, the protein is not extracted from
specialized storage depots; rather protein in the body is available only as the
working and structural components of the tissues. Thus, to supply the needed
energy when supplies of glucose and/or free fatty acids are inadequate, the
body in effect dismantles its own tissue and uses them for energy. While this
may appear like a heavy price to pay, it is a life-saving adaptation, for without
energy cells die and without glucose the brain and nervous system falter.
EXERCISE METABOLISM During physical activity, the muscles’ requirements for
fuel are met by mobilization of reserves within muscle cells and from extra-
muscular fuel depots. How much of which fuels they use depends on an
interplay among the fuels available from the diet, the intensity and duration of
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the activity, and the degree to which the body is conditioned to perform that
activity (Whitney and Rolfes 1999: 443).
During low- to moderate-intensity physical activity, the lungs and circulatory
system have no trouble keeping up with the muscles’ need for oxygen. The
individual breathes easily, and the heart beats steadily—the activity is aerobic.
With the availability of oxygen, the muscles can derive their energy from both
glucose and fatty acids since both can be oxidized to provide energy (Whitney
and Rolfes 1999: 444).6
Early in a session of moderate exercise, approximately half the energy
expended is derived from glucose and half from FFA. To maintain the supply
of glucose in circulation, liver glycogen is converted into glucose and released
into the bloodstream. The muscles use both this glucose and their own private
glycogen stores to fuel their work. But, as exercise continues for an hour or
more, two things happen. First, the liver’s limited store of glycogen is depleted.
As this happens, glucose output by the liver fails to keep pace with muscle use
and so blood glucose concentration drops (McArdle et al. 1996: 13).
Second, the hormone epinephrine is released by the adrenal medullae as a
result of sympathetic stimulation. In response, the fat cells begin to rapidly
break down their stored triglycerides, liberating fatty acids into the blood. The
free fatty acid concentration in the blood can rise as much as eightfold, and the
use of these fatty acids by the muscles for energy is correspondingly increased
(Guyton and Hall 1996: 871). This causes a steady decline in the combustion
of glucose for energy with a concomitant increase in FFA utilization. Toward
the end of prolonged exercise, FFA may supply as much as 80 percent of the
total energy required.
Intense activity presents a different metabolic situation. Whenever a person
exercises at a rate that exceeds the capacity of the heart and lungs to supply
oxygen to the muscles, aerobic metabolism cannot meet energy needs. Instead,
the muscles must draw more heavily on glucose, which is the only fuel that can
be used anaerobically, i.e., that can be metabolized to produce energy without
the simultaneous utilization of oxygen (Whitney and Rolfes 1999: 444–445).
In addition, a selective dependence on glucose metabolism during intense
physical activity has an additional advantage, namely, its rapidity for energy
transfer compared to fats (about twice as fast) (McArdle et al. 1996: 13).
At the start of an intense exercise session, glucose energy is supplied from the
glycogen stored in the active muscles. As exercise continues and the muscles’
glycogen stores decline, blood glucose becomes the major source of glucose
energy (McArdle et al. 1996: 13).7 Muscle glycogen depletion causes muscle
fatigue, which in turn greatly diminishes exercise capacity, making continued
exertion more and more difficult. With the depletion of liver and muscle
glycogen and a continued large use of blood glucose by active muscle, blood
glucose eventually falls to hypoglycemic levels (less than 45 mg glucose per
100 mL blood) (McArdle et al. 1996: 13). The symptoms of a modest reduction
in blood glucose (hypoglycemia) include feelings of weakness, hunger, and
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dizziness. Endurance athletes commonly refer to this sensation of fatigue as
‘‘bonking’’ or ‘‘hitting the wall’’ (McArdle et al. 1996: 12–14).
Body composition subsystem
‘‘Overweight’’ and ‘‘over-fat’’ are not necessarily synonymous. This point is
clearly illustrated in athletes, many of whom are muscular and exceed some
average weight for their sex and height but are otherwise quite lean in body
composition (McArdle et al. 1996: 539). Thus, one person may be very muscular
and lean with a substantial percentage of the weight coming from metabolically
active muscle tissue, whereas another person with the same weight may be very
sedentary and pudgy with a large percentage of the weight accounted for by
inert fat tissue. Even within individuals, changes in body composition occur
over time with changes in nutrition, physical activity, and aging (Spirduso
1995: 61; Whitney and Rolfes 1999: 240).
Clinically, body composition is viewed in terms of two compartments: fat
mass and fat-free mass (Figure 5). Body fat is of two types:
ž essential fat, which is the fat associated with bone marrow, the central
nervous system, viscera (internal organs), and cell membranes;
ž storage fat, which is fat (triglyceride) stored in adipose tissue (Spirduso
1995: 63).
Fat-free mass constitutes the skeleton, muscle, connective tissue, organ
tissues, skin, bone, and water. ‘‘A normal-weight man may have from 12 to
20 percent body fat; a woman, because of her greater quantity of essential fat
(in mammary glands and the pelvic region), 20 to 30 percent’’ (Whitney and
Rolfes 1999: 242).
Modern techniques make it possible to carry out a ‘‘bloodless dissection’’ to
assess body composition. Accurate but expensive laboratory methods include
densitometry (also known as underwater weighing), magnetic resonance
imaging (MRI), and radiography. Less accurate and less expensive field
test methods include ultrasound, anthropometry, skinfold measurement, and
electrical impedance (Brooks et al. 2000: 597). In the model, it is assumed that
initial body composition is known.
FAT MASS (FM) Body fat generally has negative implications because so many
people have more of it than they wish. But a certain level of fat is necessary for
normal function. The important functions of fat in the body include:
ž providing the body’s largest store of potential energy;
ž serving as a cushion for the protection of vital organs;
ž providing insulation from the thermal stress of a cold environment (McArdle
et al. 1996: 20).









Fat Cell Division Rate
Insulin Plasma Density
Plasma FFA density
Amino Acid Plasma Concentration
Epinephrine Plasma Density
Macronutrient Surpluses




Amino Acid Plasma Concentration
FFM to FM Ratio
Total Body Weight
After digestion and absorption, nutrient fat is mainly used to fill the
triglyceride stores in adipose tissue (Jungermann and Barth 1996). The fat
stored in these cells represents the body’s main storehouse of energy-giving
nutrient that can later be dissoluted and used for energy wherever in the
body it is needed. Triglycerides are particularly suited for energy storage
because they are by far the most concentrated storage form of high-energy fuel
(9 calories/gm). For example, one day’s energy needs can be met by less than
250 gm of triglyceride (Johnson 1998: 584). The potential energy stored in
the fat molecules of an average 70-kg college-aged male with the average 15
percent body fat (which amounts to about 94,500 kcal) is enough energy to
fuel a run from New York City to Madison, Wisconsin. By contrast, the limited
2000-calorie reserve of stored glucose is enough energy for only a 20-mile run!
The amount of fat in a person’s body reflects both the number and size of the
fat cells. Although fat cell size is generally tightly regulated between 0.3 and
0.9 µg, the number is more expandable. For comparison, an average person has
between 20 and 30 billion fat cells, whereas a severely obese person may have
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as many as 160 billion (Pi-Sunyer 1999). Nutritional excess causes fat cells to
expand in size as they fill with fat droplets until they reach their biologic upper
limit (about 1.0 µg of fat) (McArdle et al. 1996: 115). When the cells reach their
maximum size, they divide, increasing cell number. Thus obesity develops
when a person’s fat cells increase in number, in size, or quite often both.
Once fat cells are formed, however, the number seems to remain fixed even
if weight is lost. That is, with fat loss the size of fat cells dwindles but not
their number (Pi-Sunyer 1999: Whitney and Rolfes 1999: 255). This was clearly
demonstrated by the experimental results reported in McArdle et al. (1996:
610–612) on the change in adipose tissue characteristics of 19 obese adults
who reduced their body masses from an average of 149 to 103 kg during a
weight loss program. The average number of fat cells before weight reduction
was 75 billion; this remained unchanged even after the 46 kg reduction. Fat
cell size, on the other hand, was reduced from 0.9 to 0.6 µg of lipid per cell,
a decrease of 33 percent. Thus, ‘‘A shrinkage of adipocytes with no change in
cell number is the major change in adipose cellularity following weight loss
in adults’’ (McArdle et al. 1996: 610–612). As the model structure in Figure 5
indicates, this is the assumed formulation in the model.
When stored fat is to be used elsewhere in the body, usually to provide
energy, it must first be transported to the other tissues in the form of free fatty
acids. This is achieved by hydrolysis of the triglycerides back into fatty acids
and glycerol. Then both the fatty acids and the glycerol are transported to the
active tissues, where they can be oxidized to give energy (Guyton and Hall
1996: 867).
The most dramatic increase that occurs in fat utilization is that observed
during heavy exercise. This results almost entirely from release of epinephrine
by the adrenal medullae during exercise, as a result of sympathetic stimulation.
This directly activates an enzyme called hormone-sensitive lipase that is
present in abundance in the fat cells, and this causes rapid breakdown of
triglycerides and mobilization of fatty acids (Guyton and Hall 1996: 871).
Conversely, when glucose is abundant in the blood (for example, after a
high-carbohydrate meal), the body’s reliance on FFA fuel decreases. FFA is
thus removed from the blood circulation, made into triglyceride, and stored
into the adipose tissue. This process of making triglycerides from FFA is called
esterification because it involves attachment of a fatty acid to glycerol by means
of an oxygen atom. The rate of esterification is regulated by the availability
of ˛-glycerol phosphate, which in turn is derived from glucose oxidation.
Thus, when glucose is abundant, ˛-glycerol phosphate is readily available,
and the rate of re-esterification is high relative to lipolysis (the splitting up or
decomposition of fat into glycerol and fatty acids).
FAT-FREE MASS (FFM) Whenever significant amounts of body weight are
lost, both FFM and FM participate in the weight loss process. Similarly,
a significant weight gain almost always consists of a mixture of FFM
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and FM. ‘‘In a sense, these two body components are companions in
that significant changes in body weight involve both, albeit in variable
proportions’’ (Forbes 1987: 240). The relative contribution of these two body
components to weight gain/loss depends, in part, on a person’s initial body
composition.
On the basis of body composition studies of individuals of varying body
fat content, Forbes (1987: 216) derived an empirical relationship that predicts
reasonably well the relative changes in body composition when body weight
(W) is gained or lost:
∂FFM/∂FM D 10.4/FM
which can be re-written as:
∂FFM/∂W D 10.4/FM C 10.4
The derived relationship between changes in FFM and FM permits one to
make certain predictions about the composition of weight loss/gain in humans.
The composition of the tissue lost/gained during weight reduction/increase
will depend, all other things being equal, on the initial body fat content of the
subject. During weight loss, obese people lose more weight as fat than do lean
people, who lose more lean tissue. And the fatter a person is, the less will
be the relative contribution of FFM to the total weight loss. This difference
may account for the fact that obese persons tolerate much longer fasts than
non-obese people. Individuals with relatively smaller fat stores are forced to
burn protein when faced with energy deficits, and so their FFM/W ratio is
larger.
On the other hand, when thin individuals over-eat, they would be expected
to put on relatively large amounts of lean tissue, whereas those with a larger
initial burden of body fat would be expected to gain proportionately more fat.
As a person’s fat mass increases, the amount of lean tissue added per kg of
body weight decreases, so that body composition changes (Hargrove 1998: 224;
Prentice et al. 1991).
There are, however, situations in which this linkage is violated. Exercising,
for example, makes it possible to lose some weight without sacrificing FFM
(Ballor and Poehlman 1994).
Replication of reference modes
The model reproduced a diverse set of reference modes from the literature. In
this section, behavior patterns relating to changes in body weight and body
composition, energy expenditure levels, and substrate oxidation that occur in
response to energy deficits (induced by underfeeding and by exercising) and
energy surpluses (induced by overfeeding) will be presented.
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Physiologic and metabolic responses to underfeeding
The numerous studies that have examined the metabolic response to energy
deficit or surplus have demonstrated that changes in body weight is the
primary, but not the only, mechanism by which the body accommodates
energy imbalance. In Jebb et al. (1996), the authors used continuous whole-
body calorimetry to measure the impacts of energy imbalances (both negative
and positive) on three physiologic responses, namely, changes in body weight,
energy, expenditure, and substrate oxidation, under one uniform set of
experimental conditions.
Before a 12-day underfeeding period, the subjects (three healthy males,
average weight 73.67 kg) lived in a metabolic suite for seven days, during
which they were fed a balanced diet to maintain energy balance. After the
maintenance week, and while still living in the metabolic suite, the three
subjects were underfed for 12 days. The diet was set at 3.5 MJ/day, 9 which was
approximately two thirds below the maintenance diet (inducing an average
energy deficit of 7.25 MJ/d). The diet provided 31 percent of its energy as
protein, 24 percent as fat, and 45 percent as carbohydrate.
Figure 6 shows the resulting changes in body weight during the 12-day (288-
hour) underfeeding treatment. The subjects’ average experimental results are
plotted as curve (1), and the model’s replication of the experimental treatment
as curve (2). As can be seen in the figure, the daily energy deficit caused a
progressive drop in body weight. At the end of the 12-day period, the subjects’
average weight dropped by 3.18 kg (a 4.3 percent change).
In addition to shedding weight, the subjects’ bodies adapted to the energy
deficit by lowering their maintenance energy requirements (Figure 7). Resting
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Fig. 7. Change in REE
in underfeeding
treatment


















energy expenditure (REE) decreased, on average, by 0.82 MJ (a 8.3 percent
drop) during the 12-day period. Notice that the decrease was proportionately
greater than the decrease in body weight: 8.3 percent vs 4.3 percent. As shown
in Figure 7, both in the human subjects and in the model, REE responded
almost immediately and progressively.
During underfeeding (as well as overfeeding) the contribution of protein
to the fuel mixture remained remarkably constant (13–14 percent), whereas
major changes occurred in the relative contributions of carbohydrate and
fat. As shown in Figure 8a, during the 12-day period, carbohydrate intake
(curve 1) and oxidation (curve 2 in the simulation, 3 in the experiment) were
closely matched, although there remained a small, persistent daily negative
carbohydrate balance (which reflects the gradual but progressive decrease in
muscle glycogen).10 To meet the body’s energy requirements, endogenous fat
oxidation increased relative to intake (Figure 8b).
Physiologic and metabolic responses to overfeeding
Similar to the underfeeding treatment, three healthy male subjects (average
weight 71.67 kg) lived in a metabolic suite for seven days during which they
were fed a balanced diet to maintain energy balance (Jebb et al. 1996). After
the maintenance week, and while still living in the metabolic suite, the three
subjects were overfed for 12 days. The energy in the diet was one-third above
the maintenance diet inducing a mean energy surplus of 4.1 MJ/day. The
overfeeding diets provided 15 percent of the energy as protein, 35 percent as
fat, and 50 percent as carbohydrate.
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Figure 9 shows the experimental results for changes in body weight (curve
1) together with the model’s replication of the 12-day experiment (curve 2).
Weight increased by 2.9 kg (C4.0 percent) during overfeeding, following the
progression shown in the figure.
As with the underfeeding condition, the body adapted to the energy
imbalance by adjusting the REE, albeit in the opposite direction (Figure 10).
On average, REE increased by 0.42 MJ (5.7 percent).
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Fig. 9. Change in
weight in overfeeding
treatment




















Fig. 10. Change in REE
in overfeeding
treatment


















Overfeeding also induced a change in substrate oxidation relative to the
maintenance diet. The changes in metabolic fuel selection are shown in
Figures 11(a) and 11(b). During overfeeding, the rate of carbohydrate oxi-
dation was about four times greater than at the end of the underfeeding
period, providing evidence of the striking autoregulatory control carbohy-
drate intake exerts on its own oxidation. Because carbohydrate oxidation
was providing the bulk of the needed energy (³8.68 MJ/d), there was a
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Fig. 11. (a) CHO intake
and oxidation when
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greatly reduced need for fat as an energy source. Fat oxidation was sup-
pressed to ³2.32 MJ/d, and the bulk of the ingested daily dietary fat was
stored.
The results of the experiment demonstrate that fuel selection is dominated by
carbohydrate intake, and that, when carbohydrate oxidation rises in response
to overfeeding, there is a profound autoregulatory suppression of fat oxidation
even in the presence of large quantities of exogenous fat. On the other hand,
there is no evidence of fat-driven autoregulation, rather, fat oxidation simply
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reflects the difference between the rates of carbohydrate and protein oxidation
and the body’s total energy expenditure.
Substrate utilization during exercise
As was discussed in the metabolism subsystem, the body adjusts its mixture
of fuels during physical activity. How much of which fuels the muscles use
during physical activity depends on an interplay among the fuels available
from the diet, the intensity and duration of the activity, and the degree to
which the body is conditioned to perform that activity.
In Romijn et al. (1993), the authors sought to investigate the quantitative
relationship between exercise intensity and substrate mobilization. Five
athletes (average age 24, weight 75.2 kg) participated in the study. The
subject’s average VO2 max was 67 ml/kg min. VO2 max is the highest rate of oxygen
consumption that can be achieved by an individual at maximal physical
exertion, and is an important determinant of the maximal sustained power
output of which an individual is capable. It is calculated by dividing milliliters
of oxygen consumed per minute by body weight in kilograms. The rate of
oxygen consumption at a given exercise level (represented as a percentage of
VO2 max) increases in a linear fashion as activities progress from rest to easy to
difficult, and finally to maximal work loads (100 percent VO2 max ).
Figures 12 and 13 show the relative contributions of plasma glucose, plasma
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of exercise intensity (25 percent VO2 max) and when exercising at a moderate
exercise intensity (65 percent VO2 max)
11 Notice in Figure 12 that FFA utilization
was high during low-intensity exercise (25 percent VO2 max), and declined as
exercise intensity increased. At low levels of exercise intensity, carbohydrate
oxidation is mostly met by blood glucose uptake, while glycogen contributes
almost nothing.
Figure 13 demonstrates how intense activity presents a different metabolic
situation. At 65 percent VO2 max , plasma FFA turnover declined as the body
shifts its reliance to muscle glycogen and plasma glucose as energy substrates.
As was explained earlier, whenever a person exercises at a rate that exceeds
the capacity of the heart and lungs to supply oxygen to the muscles, aerobic
metabolism cannot meet all of the body’s energy needs. Instead, the muscles
draw more heavily on glucose, which is the only fuel that can be used
anaerobically.
Insights from model experimentation
The most commonly used intervention for inducing weight loss is to restrict
food energy intake (Mertens et al. 1998). Indeed, of the $30C billion spent yearly
on weight loss efforts, most is spent on diet products such as nonprescription
pills, dietary supplements, and other over-the-counter weight loss agents
(Winter 2000).
There are at least two reasons why decreasing EI (through food restriction)
has been favored over increasing EE (through increasing physical activity). The
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first is economic. In recent years the cost of burning extra calories has surged
as work has become more sedentary. ‘‘To put it simply, it used to be that you
got paid to exercise . . . If you wanted an income, you engaged in manual labor.
Today, you pay to exercise, not so much in money, but in foregone leisure
time. So if you want to spend time with your kids, you have a choice between
that and going to the gym or running’’ (Postrel 2001).
Second, it has been difficult to demonstrate the efficacy of exercise as a
treatment strategy for obesity. Because athletes in most sports are lean, while
obese individuals are for the most part not physically active, it is appealing to
postulate that exercise is key to weight control. Yet, data on the relationship
between exercise behavior and the risk for obesity development are mixed
(Saris 1996; Jeffery 1998).
A considerable number of studies have been done to investigate whether
exercise contributes to weight loss, with very variable results with respect
to the effectiveness of exercise for weight loss. In an influential exercise-
physiology textbook, McArdle et al. (1996) write about ‘‘. . . accumulating
[evidence] to support the contention that an increased level of regular physical
activity may be more effective than dieting for long-term weight control.’’ And
in a meta-analysis study conducted to assess the effects of exercise on changes
in body mass, Ballor and Keesey (1991) found that increase in physical activity
results in body mass reduction (for sedentary males). But, in a subsequent
meta-analysis of 46 published studies, Ballor and Poehlman (1994) found no
significant impact of exercise on weight loss, while a review by Andrews
(1991) found that exercise had only modest effects on weight loss that were
‘‘. . . an order of magnitude less compared with the possibilities resulting from
the restriction of energy restriction alone.’’ And more recently, Saris (1996)
reported that ‘‘. . . to date there are few well-controlled studies to support the
observation that physical activity, instead of dieting, is the key to long-term
success for weight control.’’ Such mixed findings have led some investigators
to discount the importance of exercise in the treatment of obesity (Melby et al.
1998).
In 1999, the American College of Sports Medicine sponsored a scientific
roundtable to review the current state of knowledge in the field (Grundy
et al. 1999). In its final report, the panel lamented the paucity of randomized
clinical trials (RCT) to study the role of physical activity in the prevention
and treatment of obesity, and noted that for the limited number of trials that
have been conducted, a majority failed to demonstrate statistically significant
results. The panel concluded that most studies suffered, in part, from short
time frames and small sample sizes because of the complexity and expense of
performing the intensive measurements needed.
In addition, and perhaps of greater concern was the major methodological
problem of ensuring adherence of experimental subjects to an exercise protocol
(Grundy et al. 1999; Jebb et al. 1993). Ideally, all studies on food intake and
energy expenditure would be carried out under natural ‘‘free-living’’ conditions
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in which eating and exercise behaviors could occur without hindrance and
could be measured precisely and accurately. In practice, this is not possible
because methods for measuring total energy intake and expenditure under
natural circumstances are often unreliable. On the other hand, laboratory-based
studies allow the accurate assessment of food intake and energy expenditure
but under highly artificial circumstances (Blundell, 1996):
Any study of human EE necessarily represents a compromise between methodological
precision and alteration of subject activity patterns . . . A search for reproducible
metabolic changes that occur as a result of changes in body weight is a difficult and
time-consuming task. Therefore, a study to separate the influence of energy intake
from EE on body weight requires highly controlled studies of not only energy intake
and EE over sufficiently long periods of time but also multiple techniques for the
measurement of body composition. (Kinney 1995)
Accordingly, it is useful to seek other methods for testing and experimen-
tation. Simulation-based experimentation provides a viable laboratory tool for
such a task. In addition to permitting less costly and less time-consuming exper-
imentation, simulation-type models make ‘‘perfectly’’ controlled experimenta-
tion possible. In the model system, unlike the real systems, the effect of chang-
ing one factor can be observed while all other factors are held unchanged. Inter-
nally, the model provides complete control of the system (Sterman 2000: 21).
In this section, I discuss two simulation-based experiments. First, I compare
the impacts of food restriction and exercise on the amount and composition of
weight loss. Second, I investigate the potential interaction effects between diet
composition and physical activity.
Diet versus exercise
The objective of my first experiment was to compare the impacts of diet- and
exercise-induced energy deficits on the amount and composition of weight
loss. The subject of the simulation is an overweight sedentary male with an
initial total weight of 100 kg and 25 percent body fat. This body weight is
maintained on a balanced daily dietary input of 14.25 MJ composed of 50
percent carbohydrate, 35 percent fat, and 15 percent protein.
Following recommendations for desirable daily caloric reductions in the
obesity-treatment literature [see, for example, Dyer (1994) and Garrow (1992)],
I induced a 2 MJ/day energy deficit, first by food restriction and then by a light
daily exercise. A 2 MJ/day exercise regimen is equivalent to a two-hour long
leisurely walk. The duration for both experimental treatments was 2000 hours
(12 weeks).
A comparison of the changes in body weight and composition (fat mass, fat
free mass, and percent body fat) for the dieting and exercising interventions are
shown in Figure 14. The first thing to notice is that the difference in weight loss
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Fig. 14. Diet vs
exercise














between dieting and exercising is not significant. After 12 weeks of dieting,
body weight dropped by 4.9 kg (to 95.1 kg), while a daily exercise regimen for
the same period caused weight to drop a comparable 4.7 kg (to 95.3 kg).
The composition of the weight lost was quite different, however. As Figure 14
shows, in the exercising treatment FM dropped by 4.2 kg (from 25 kg to 20.8),
while FFM dropped by only 0.5 kg (from 75 to 74.5). That is, 90 percent of the
weight loss was fat mass (FM) and only 10 percent was fat-free mass (FFM).
This contrasts with the dieting treatment in which 70 percent of the weight
loss was FM and 30 percent was FFM (FM dropped by 3.4 kg, while the FFM
loss was 1.5 kg).
The results thus demonstrate that while a program of moderate exercise
coupled with a balanced diet results in approximately the same weight loss
as an energy restricted diet, exercise can favorably modify the composition of
the weight lost, resulting in more weight being lost in the form of fat. Of equal
importance is the fact that conservation of fat-free mass occurred with exercise
training that was, for the most part, fairly modest.12
Exercise intensity and diet composition interaction
Because for most people the most costly aspect of exercise is the time spent
doing it, there is an understandable inclination to aim at exercising at the
highest possible level of intensity in order to induce the largest possible energy
deficit per exercise session. In a second experiment, I sought to assess how
much more would a higher level of exercise intensity buy us?
To address this practical question, I ran three simulations in which the
only variant was the level of exercise intensity. Three exercise levels were
evaluated: exercising at a modest level of 1 MJ/hour, a moderate intensity level
of 2 MJ/hour, and a high intensity level of 3 MJ/hr. In all cases, the exercise
duration was set at 2 hours every day.13 As with the first experiment, the
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initial weight of the simulated subject was 100 kg with 25 percent body fat,
maintained on a dietary energy input of 14.25 MJ/day composed of 50 percent
carbohydrate, 35 percent fat, and 15 percent protein. The simulated duration
was also the same, 2000 hours (12 weeks).
The resulting losses in body weight and changes in body fatness at the
three exercise intensity levels are presented in Figure 15. Notice that while
the percent of body fat decreased as the subject exercised more intensely,
surprisingly less weight was lost.
Two factors contributed to the smaller losses in body weight at the
higher intensity levels. First is the increase in FFM (mainly muscle mass)
that accompanied the increase in the level of exercise intensity. This is
clearly depicted in Figure 16, which compares the changes in weight and
body composition between the 1 MJ/hr and 2 MJ/hr exercise intensity levels.
Exercising at the low intensity level caused total body weight to drop by 4.7 kg
(from 100 kg to 95.3) as a combination of a modest 0.5 kg drop in FFM and a
more substantial 4.2 kg drop in FM. Compare this to exercising at the moderate
level of 2 MJ/hour where total body weight dropped by only 1.3 kg (from 100
to 98.7 kg). While FM decreased by 5.6 kg, the loss in total body weight was
minimal because FFM actually increased by 4.3 kg. This, in turn, caused a
favorable drop in percent body fat, lowering it from 25 percent to 19.6 percent.
The second factor contributing to the smaller loss in body weight at higher
exercise intensity levels is perhaps less obvious. It turns out that the sedentary
100 kg obese subject expended less cumulative exercise energy per exercise
session (and for the entire treatment period) at the higher intensity levels
(Figure 17). The explanation for this counter-intuitive result lies in the body’s
selective dependence on different energy sources to fuel differing levels of exer-
cise activity and a person’s capacity to meet the body’s specific energy needs.
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As was explained earlier, whenever a person exercises at a rate that exceeds
the capacity of the heart and lungs to supply oxygen to the muscles, the muscles
must draw more heavily on glucose (primarily in the form of muscle glycogen),
because it is the only fuel that can metabolized to produce energy without
the simultaneous utilization of oxygen. During intense exercise, a selective
dependence on glucose metabolism has an additional advantage, namely, its
rapidity for energy transfer compared to fats (about twice as fast).
How much exercising a particular person’s glycogen reserves will sustain
depends on the intensity and duration of effort, as well as the fitness and
nutritional status of the exerciser. An overweight sedentary person embarking
on a new exercise regimen to treat obesity (like our 100 kg experimental subject)
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will not only start with more limited glycogen stores, but will also tend to use
his reserves at a faster rate than, for example, a trained athlete:
Muscle cells that repeatedly deplete their glycogen through hard work adapt to store
greater amounts of glycogen to support that work. Conditioned muscles also rely
less on glycogen and more on fat for energy, so glycogen breakdown and glucose
use occur more slowly in trained than in untrained individuals at a given work
intensity . . . Oxygen delivery to the muscles by the heart and lungs plays a role, but
equally importantly, trained muscles are better equipped to use the oxygen because
their cells contain more mitochondria.14 Untrained muscles depend more heavily on
anaerobic glucose breakdown, even when physical activity is just moderate. (Whitney
and Rolfes 1999: 447)
Generally, glycogen depletion usually occurs within one to two hours from
the onset of intense activity. As glycogen is depleted, the muscles become
fatigued, which in turn greatly diminishes the capacity to continue exercising
at a high intensity level.
Recovery from exhaustive muscle glycogen depletion often requires days.
But, because comparatively little glycogen is stored in the body, its recovery
time can be influenced considerably by the composition of the diet (McArdle
et al. 1996; 9). For example, on a high-carbohydrate diet, full recovery occurs
in about two days. On the other hand, people on a high-fat/high-protein diet or
on no food at all show extremely little recovery even after as long as five days
(Guyton and Hall 1996: 1063).
Thus, how much carbohydrate a person eats should influence the capacity
to maintain a daily exercise regimen. To quantitatively assess this influence I
changed the relatively balanced composition of the daily diet from 50 percent
carbohydrate, 35 percent fat, and 15 percent protein to a high-carbohydrate
diet of 75 percent carbohydrate, 10 percent fat, and 15 percent protein, and
re-simulated the three exercise intensity levels.
Figure 18 compares the results of the high-carbohydrate diet together with
the earlier results from the balanced diet. The differences are particularly
dramatic at the moderate exercise intensity level (of 2 MJ/hour). With the
new high carbohydrate diet, total body weight dropped by 10.2 kg (from
100 to 89.8 kg), an amount that is almost eight times as large as the
weight lost with the balanced diet at the same exercise intensity level.
It is also almost double the 5.7 kg loss (from 100 to 94.3 kg) achieved
when exercising at the low intensity level of 1 MJ/hr on the new high-
carbohydrate diet.
By replenishing the glycogen stores more effectively, the daily dose of
high-carbohydrate diet maintained the body’s capacity to exercise daily at a
higher intensity level. As a result, the cumulative exercise energy expended
per exercise session and consequently over the 12-week period increased
(Figure 19).
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On the other hand, the increased level of carbohydrate in the new diet was
still not large enough to replenish the more severe level of glycogen depletion
suffered when exercising at the highest intensity level (3 MJ/hour). As a result,
less cumulative energy was expended at the highest exercise level as compared
to the moderate intensity level, which in turn resulted in a smaller weight loss
(5.0 kg).
In toto, the results underscore the significant interaction effects between diet
composition and physical activity, and emphasize the critical role that diet
composition can have in exercise-based treatment interventions.
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Conclusion
The current study was conducted within the context of a much broader
research effort to study, gain insight into, and make predictions about the
dynamics of human energy metabolism, body composition, and physical
performance. A major part of this effort was devoted to the development of
a comprehensive system dynamics computer model that integrates nutrition,
metabolism, hormonal regulation, body composition, and physical activity.
These processes are typically fragmented between many different disciplines
and conceptual frameworks. Thus, this work seeks to bring these ideas together
highlighting the interdependence of these various aspects of the complex
system that is the human body.
What is gained in understanding through the use of such an integrative
mathematical model is achieved by comprehending the laws built into the
model. To many, however, the practical outcome of a theoretical model
is prediction. Through computer simulation, the system dynamics model
presented in this paper is intended to predict the dynamic interactions of the
body’s interrelated physiologic/metabolic subsystems to gain insight into the
consequences for human performance in health and disease. In addition, the
model serves as a laboratory tool for controlled experimentation in which the
effects of different assumptions and environmental factors can be tested.
Summary and implications of results
Because of the increasing evidence that the sedentary lifestyle appears to be
a major contributor to the obesity epidemic, exercise was used as a focus of
treatment in the present study. While a considerable number of studies have
been done to investigate the relationship between exercise behavior and obesity
development, the results to date have been mixed. As a result, there is a lack
of consensus with respect to the effects of exercise training on body weight
(Ballor 1996).
There are many interrelated factors (initial body weight, body composition,
physical fitness, diet composition, etc.) that potentially may affect weight
loss. Because of the complexity and expense of performing the intensive
measurements needed, most studies have been limited to short time frames
and small sample sizes, and often fail to produce statistically significant results.
In this study, I attempted to demonstrate the utility of simulation-type models
as vehicles for controlled experimentation to study the etiology of human
obesity and its treatment.
My results replicate the ‘‘mix’’ of results reported in the literature as well
as provide a causal explanation for their variability. The results of the first
experiment demonstrate that an active program of exercise can have at least
two potential benefits pertinent to the treatment of obesity. First, a sustained
exercise regimen, even at a moderate level, provides an important contribution
466 System Dynamics Review Volume 18 Number 4 Winter 2002
to total energy expenditure through the cost of the exercise itself. Over a 12-
week period, weight loss from a modest level of daily exercise (equivalent to a
two hour-long leisurely walk) was comparable to the loss from food restriction
(when both produced equivalent energy deficits). This may provide a more
palatable option to many patients who may view exercise as a strategy to help
maintain weight loss while allowing the consumption of enough calories to
supply the body with adequate nutrients as well as energy (Pi-Sunyer 1999).
‘‘Caloric restriction alone can lead to malnourishment because the low-calorie
diet may not contain sufficient vitamins and minerals, and chronic caloric
restriction may eventually have serious health consequences’’ (Brooks et al.
2000: 593).
Perhaps of greater significance, exercise protects against the loss of fat-
free mass, which occurs when weight loss is achieved through diet alone,
and thus promotes favorable changes in body composition. My results
show a drop in percent body fat from 25 percent to 19.2 percent with a
moderate level of exercise and a high-carbohydrate diet. This is potentially
quite significant, since maximizing fat loss yields the greatest reduction in
coronary heart risk (Ballor and Poehlman 1994). In addition, the conservation
of muscle mass during exercise-induced weight loss maintains a person’s
ability to perform activities of daily living requiring strength and/or muscular
endurance.
In the second experiment, an exercise regimen of moderate to high level of
intensity proved counter-productive as a weight-reducing strategy in the case
of an obese sedentary subject. This was due to the limited energy reserves
(specifically, muscle glycogen) available to such individuals. However, when
the diet was changed from a balanced composition to one that was highly
loaded with carbohydrates, it became possible to sustain the high exercise
effort over the prolonged experimental period, and achieve a significant drop
in body weight.
The potential significance of these results is twofold. First, the results
underscore the importance of considering the interaction of diet composition
and physical activity in the treatment of obesity. ‘‘Most previous research
focused exclusively on the effects of one type of diet or of physical activity
or examined diet composition and physical inactivity independently, but
few studies compared the effects of a combination of a high-carbohydrate or
high-fat diet and physical inactivity’’ (Shephard, 2001). Second, the results
highlight the risks in many quick-loss diets promoting low carbohydrate
intake. The results emphasize the important role diet composition can have
in establishing the appropriate energy reserves for long-term exercise and
training. Specifically, a diet deficient in carbohydrates results in dehydration
as muscle and liver glycogen stores are depleted diminishing exercise
capacity, which almost eliminates physical activity as a source of caloric
expenditure.
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Future research directions
There are several research directions worth pursuing to extend this work.
One interesting extension is to model the long-term disease consequences
of obesity. In spite of the strong statistical associations between obesity
and its co-morbidities such as coronary heart disease, type-2 diabetes
mellitus, and hypertension, much remains to be learned about the underlying
mechanisms and quantitative aspects of these associations (Grundy et al.
1999).
A second research extension would be to focus on prevention:
It is apparent that attention to the treatment of eating disorders and obesity
overwhelms that given to prevention. This can be attributed to the dominance of
a medical model over a public health model . . . Prevention of eating disorders and
obesity is a topic to be pursued in an aggressive fashion . . . This may necessitate new
conceptual models. (Battle and Brownell 1996)
Interest in obesity prevention has attracted recent attention because of the
growing realization that it may be easier, less expensive, and more effective
to change behavior so as to prevent weight gain or to reverse small gains,
than to treat obesity after it has fully developed. Also, ‘‘. . . many of the health
consequences of obesity are the result of the cumulative stress of excess weight
over a long period of time and are not fully reversible by weight loss. Thus,
obesity prevention may also be the best way to address the health problems it
causes’’ (Jeffery 1998).
A natural role for system dynamics modeling would be to build learning
environments targeting the patient/decision-maker. Because weight gain
typically occurs slowly over decades, causes of weight gain seem insidious to
many people, and ‘‘efforts to prevent slow weight gain are often lessened by a
lack of immediate adverse consequences’’ (Grundy 1998). Microworlds are the
only practical way to ‘‘experience’’ disease in advance of the real thing. The
pace of disease can be speeded up, allowing patients (or potential patients)
to see more clearly the long-term consequences of their lifestyle decisions,
making them more perceptive of the slow, gradual physiologic changes that
accompany weight gain (Sterman 2000; 35).
Notes
1. BMI is calculated as weight in kilograms divided by the square of height
in meters.
2. The fat in foods and in fat tissue is called neutral fat or triglycerides.
3. The body’s FFM includes muscle tissue as well organs such as liver,
kidney, heart, and brain.
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4. Food energy was formerly measured in kilocalories, which is commonly
abbreviated as kcal. One kcal is the amount of heat necessary to raise the
temperature of 1 kg of water 1 °C. When in popular books and magazines
they write that an apple provides ‘‘100 calories,’’ it really means 100 kcal.
5. The standard international units for expressing energy are the joule,
kilojoule, or megajoule (MJ). One kcal is equivalent to 4.2 kilojoules.
6. During exercising, glucose can be metabolized by muscle tissue without
requiring large amounts of insulin because the contraction process itself
makes exercising muscle fibers permeable to glucose even in the absence
of insulin.
7. Glycogen depletion usually occurs within one to two hours from the onset
of intense activity (McArdle et al; 1996, p. 13).
8. Assuming an energy expenditure of about 100 calories per mile.
9. The 3.5 MJ/day diet is equivalent to 833 kcal/day.
10. The simulated ‘‘CHO gms Oxidized Daily’’ (curve 2), depicts the cumulative
amount of CHO oxidized every day. At the end of each day, the variable
was re-set to zero.
11. The substrate utilization percentages shown are those observed at the
beginning of the exercise session so as to eliminate storage depletion
effects.
12. The interested reader wishing to dig deeper into experimental find-
ings/studies on the impacts of dieting and exercise on weight loss and
body composition is referred to McArdle et al. (1996: 598), Donahoe et al.
(1984), and Hill et al. (1987).
13. Note that the modest exercise level is equivalent to that used in the first
experiment.
14. Mitochondria are structures within a cell responsible for producing a
high-energy compound (called ATP) aerobically.
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